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This paper describes the type of failure that a soft cohesive soil can exhibit when acted upon by combined static and cyclic loading.
The conclusions are based on the results of a comprehensive experimental research in which, in addition to identiﬁcation and classiﬁcation
testing, 15 monotonic simple shear tests and 138 cyclic simple shear tests were carried out in which, prior to the cyclic shear stresses, different
levels of monotonic shear stresses were applied. Laboratory tests were performed on undisturbed samples taken from the southern area of the port
of Barcelona, Spain. In general, the results thus obtained indicate that the undrained shear strength for a given number of cycles is clearly affected
by the initial shear stress, as it is explained in this paper.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Generally speaking, the international geotechnical commu-
nity has focused its attention on the study and comprehension
of the knowledge acquired in the cyclic behaviour of granular
materials, particularly loose sand, since this implies a high risk
of liquefaction and, on the contrary, little attention has been
paid to investigating some aspects of the response of cohesive
soils when subjected to cyclic loading.
The Spanish Ministry of Public Works (2005) indicate the
need to investigate the cyclic behaviour of the foundation soils
when they support structures subjected to repeated loading
conditions, similar to those created by the action of waves3 The Japanese Geotechnical Society. Production and hosting by
0.1016/j.sandf.2013.10.010
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der responsibility of The Japanese Geotechnical Society.during a storm. The work described in this paper was per-
formed to study the foundation of a structure that was designed
to withstand the effect of waves in the southern part of the
Barcelona harbour. In particular, the investigation deals with
the inﬂuence of the combination of static and cyclic shear
stresses in the behaviour of the foundations of vertical break-
waters on soft cohesive soils that are subjected to cyclic wave
forces. Foundation shear stresses may be idealised as shown in
Fig. 1. It can be observed that some of the stress conditions can
be simulated in the laboratory by means of cyclic simple shear
tests while others would require the execution of cyclic triaxial
tests under compression or extension conditions.
The research is oriented to investigate the strength of the soil
under the combination of stresses identiﬁed as 1 and 3 in
Fig. 1, since these conditions are reproduced by means of the
cyclic simple shear test.
The strength of clays under earthquake loading conditions
was investigated by Seed and Chan (1966), Idriss et al. (1978)
and by Lee and Focht (1976) for regular cyclic loading. Chang
and Hong (2008) and Huang and Chuang (2011) analysed the
effect of the percentage of ﬁnes on liquefaction. The strengthElsevier B.V. All rights reserved.
Fig. 1. Idealised diagram of the stress conditions developed along a hypothetical failure surface and that can be simulated by means of cyclic simple shears tests and
triaxial tests.
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Koutsoftas (1978), Koutsoftas and Fischer (1980) and Moses
and Rao (2007). The behaviour of clays under cyclic loading
has also been investigated by Matsui et al. (1980), Kokusho
et al. (1982) and Ansal and Erken (1989).
The main parameter to quantify the strength of a given clay
subjected to impulsive or cyclic loading has been the
undrained shear strength, but some authors like Sangrey
et al. (1969) have approached the problem in terms of effective
strength parameters.
Some local studies of typical clay response to repeated or cyclic
loadings have been published by Andersen (1975 and 1976)
(Drammen clays) or by Stokoe and Lodde (1978) (San Francisco
Bay mud) or Díaz-Rodríguez (1989) (Mexico City clays).
More recently, detailed studies of the response of clays to
cyclic loading have been undertaken to investigate the effects
of some particular aspects, like the effect of combined static
and cyclic loading that has been studied by Andersen and
Hoeg (1992) or the effect of irregular loading cycles as
reported by Andersen et al. (1992) or Idriss et al. (1978),
who – based on the results of a series of controlled-strain
cyclic tests – developed a nonlinear model that takes into
account the degradation in soft soils due to cyclic loading; this
degradation was studied by means of undrained cyclic triaxial
and cyclic simple shear tests.
Over last few years, this matter has been studied by
researchers who in the past had focused their attention
on the earthquake-induced liquefaction phenomenon only.
Boulanger and Idriss (2004) oriented their investigations to
the evaluation of the liquefaction potential of silts and clays.
They proposed to estimate the equivalent number of uniform
cycles leading to softening as a function of the seismic
magnitude (Mw). They imply that, from a practical point of
view, the equivalent number of uniform cycles leading to
softening of clays is somewhat larger, one to three times larger,
than that corresponding to liquefaction of sands.
Boulanger and Idriss (2006, 2007) refer to the similitude
existing between the liquefaction phenomenon that affectsloose sands and cyclic softening induced on silts and clays.
To estimate if a cohesive soil tends to develop a behaviour similar
to that of loose sands and, therefore, is susceptible to be affected
by the liquefaction phenomenon, they proposed a criterion based
on the location of the soil within Casagrande's Plasticity Chart; in
addition, they provided a hands-on approach to assessing whether
a soil is susceptible of being affected by liquefaction or by cyclic
softening.
With the exception of some investigations, the specialized
literature reports very few cases in which the cyclic behaviour
of cohesive soils has been studied under stress combinations.
Authors such as Seed and Chan (1966), Andersen and Hoeg
(1992) and Hyodo et al. (1994) have performed laboratory
tests in which sustained static stresses have been combined
with cyclic stresses. Seed and Chan found out that upon
increasing the magnitude of the sustained static stress, under
the same magnitude of the cyclic stress, there is a signiﬁcant
decrease of the number of cycles necessary to reach failure.
Andersen and Hoeg found that the level of effective stresses
governs the behaviour of clays subjected to cyclic loading and
it might be related to the generation of porewater pressure, to
the development of cyclic strains and to the number of cycles
necessary to reach failure. Hyodo et al. (1994) investigated the
effect of a combination of static stress and cyclic stress on the
behaviour of clays under triaxial loading.
The experimental investigation described in this paper is
part of the doctoral thesis of Patiño (2009) at the Universidad
Politécnica de Madrid.
The effect of biased cyclic loading on the liquefaction of
sands under simple shear has been published by Soriano et al.
(2011).
2. Description of the tested soil
All of the tests, including the classiﬁcation tests and the
monotonic and cyclic simple shear tests, were executed with
specimens cut from undisturbed samples recovered from the
subsoil at the port of Barcelona, in particular those obtained
Fig. 2. Location of borings SA-1 and SA-2 drilled at the port of Barcelona
from the deck of Prat Quay.
Fig. 3. Soil proﬁle at the location of the breakwater Alonso et al. (2007).
Fig. 4. Visual aspect of cross stratiﬁed lenses in a sample.
Table 1
Summary of index properties.
Parameter Unit No. of data Range
Natural unit weight g/cm3 154 1.78–2.13
Natural moisture % 154 15–44
Content of ﬁnes % 154 86–100
Do2μ % 14 14–41
Liquid limit % 39 24–45
Plastic limit % 39 16–25
Plasticity index % 39 6–24
Speciﬁc gravity – 36 2.71–2.80
H. Patiño et al. / Soils and Foundations 53 (2013) 910–922912from exploratory borings SA-1 and SA-2 located as shown in
Fig. 2. These borings were advanced from the deck of
Prat Quay.
The soil deposit where the samples used for the experi-
mental stage of this investigation were recovered is located
close to the mouth of the Llobregat River discharging into the
Mediterranean Sea near Barcelona, Spain. The deposit is part
of the Llobregat Delta.
In general, the delta is constituted by stratiﬁed layers of clay,
silt, sandy silt and ﬁne sand underlain by a sand and gravel
stratum, as indicated in Fig. 3.
Samples tested for this investigation were taken from the
upper level of silts and clays. The visual aspect of the deposit
studied is shown in the photograph; see Fig. 4. As it can be
observed, it corresponds to a series of sedimentary layers
constituted by thin stratiﬁcations of ﬁne soils that prevent a
clear deﬁnition of stratigraphic horizons.
The index properties of the samples tested are presented in
Table 1; whereas Table 2 shows the mineral contents, as
evaluated from 13 determinations.
3. Sample preparation and testing details
The tests were carried out with cyclic simple shear test
equipment manufactured by the company Wykeham Farrance.
The equipment has the capability of performing tests under
undrained conditions (constant volume) and under drained
conditions (constant axial load). The dimensions of the speci-
mens are 70 mm in diameter by 19 mm in height.
A total of 29 undisturbed samples recovered with Shelby
thin-walled tubes were transported to the Geotechnical Labora-
tory of the Escuela T. S. de Ingenieros de Caminos, Canales y
H. Patiño et al. / Soils and Foundations 53 (2013) 910–922 913Puertos of the Universidad Politécnica de Madrid. Great care
was taken in order to disturb the natural state of samples as
little as possible during the tests. The procedure employed is
summarised in Fig. 5 and can be described as follows.a) The samples are stored in an automated humidity chamber with
a constant temperature of 20 1C and constant humidity of 95%.b) Although commercial extractors are usually employed to
remove the Shelby tubes, they were not used in this
investigation, as they signiﬁcantly compress – and disturb
– the samples being extruded. A pipe vise and a pipe cutter
allowed differently sized specimens to be cut up, as
required by the various tests performed.c) The Shelby tube is placed on the vise, secured with the
chain to prevent rotation, and the tube cutter is clamped
around the tube at a distance from its end slightly larger
than the desired specimen height.d) The cutter is rotated and retightened until the tube wall is cut
away, without letting the cutting wheel bite into the soil sample.e) The tube section is separated in order to extrude a specimen
later. This will induce little disturbance, since only a lowTable 2
Summary of mineral contents.
Mineral %
Calcite ﬃ42
Quartz 26–36
Chlorite 11–16
Albite (feldspar) 7–11
Muscovite (mica) 4–6
Fig. 5. Details of the manipupressure is needed to overcome the friction from the small
tube length.f) The edge of the remaining Shelby tube is sealed and stored
back in the humidity chamber to prevent moisture loss.
Because the quality of specimens signiﬁcantly affects the
results from laboratory tests, they were very carefully handled
and assembled. The methodology employed is shown in Fig. 6
and can be described in steps (a) to (l) below.a) A section of the Shelby tube is cut according to the above
procedure.b) The holding ring is placed over the Shelby tube and gently
pressed into it.c) This assembly is turned over, the Shelby tube is removed
and the soil specimen is trimmed to ﬁt the holding ring
inner diameter.d) The specimen is pushed into the ring.
e) The specimen is trimmed at the ring bases and weighed to
determine initial moisture and natural density.
f) The propagation velocity of ultrasonic waves was obtained,
although no assurance existed that it could be correlated
with the stiffness modulus. These data were not used, due to
their erratic nature and the impossibility to measure
propagation times for all samples.g) The ring holding the specimen is placed on a ﬁlter paper
that rests on the bottom part of the shear machine.h) The ring is removed with an appropriate tool and
i) The latex membrane installed.
j) The bottom O-ring with its adjuster, conﬁning rings, top O-
ring and load head are placed.k) Finally the load head guide is installed, the screws adjusted, the
outer LVDT attached and the specimen is ready to be tested.lation of samples.
Fig. 6. (a)–(l). Sequence of the specimen assembly process.
H. Patiño et al. / Soils and Foundations 53 (2013) 910–922914l) Fig. 6 shows a specimen after the test, which exhibits
visible shear deformation.The test equipment has dual servo-control, as shown in
Fig. 7. Fig. 8 shows schematically the mechanism for applying
axial and shear loads.
The mechanism is pneumatically operated and requires a
compressed-air supply that guarantees a minimum working
pressure of 800 kPa. Axial and shear loads are applied by two
actuators with a capacity of 75 kN and two digitally-cont-
rolled servo valves with operating frequency up to 70 Hz.
Two load cells with a 5-kN capacity and an accuracy of
1.2 N measure axial and shear forces. Three LVDT sensors
make it possible to control and record axial and shear strains:two inside the actuators and another one externally attached to
the axial load frame.
The simulation, control and data collection are performed by
means of a rack-mounted box, connected to a computer via USB.
Its data acquisition module has 13 input channels of 710 V with
a resolution of 20 bits. The control module has two channels,
connected to the vertical and shear force actuators.
The panel-computer setup controls the application of loads
through the servo valves, which supply the desired wave type,
amplitude and frequency while simultaneously logging the
information read from load cells and LVDT. The equipment
has the capability of performing undrained (with constant
volume) or drained tests (under constant axial load).
Specimens are 19 mm high and have a diameter of 70 mm.
To keep this value constant during the tests, specimens are
inside a set of low-friction retaining rings, as shown in Fig. 9.
Fig. 7. Cyclic simple shear test equipment manufactured by Wykeham
Farrance in England.
Fig. 8. Schematics of the mechanism for the application of axial and
tangential loads.
Fig. 9. Schematics of the lateral conﬁning system by means of bronze
sliding rings.
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Monotonic and cyclic tests were carried out at constant
volume, which – according to Bjerrum and Landva (1966) – is
equivalent to undrained conditions. The change in vertical
stress applied to the soil equals the pore water pressure that
would be generated within a specimen under constant axial
stress in an undrained simple shear test. Bjerrum veriﬁed this
by measuring actual pore pressures at the specimen base.
The step-by-step procedure was as follows: Assembly of the specimen as explained.
 Consolidation under an axial stress of s′v0. For monotonic tests, a 4.7% shear strain per hour is applied
under undrained conditions. For biased cyclic tests, the monotonic shear stress τ0 is
applied by means of a 4.7% shear strain per hour under
undrained conditions.Fig. 10. Stress strain deﬁnitions.
Fig. 11. Number of static and cyclic simple shear tests.
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Fig
funFor all cyclic tests, shear cycles are applied with the
selected stress values (period, wave type and τc) under
undrained conditions.Some terms used in this article are deﬁned in Fig. 10. Shear strain (γ) is the unit angular deformation.
 Permanent shear strain (γp) is the accumulated unit angular
deformation at the end of each cycle. Monotonic shear strain is the unit angular deformation in a
monotonic simple shear test. Cyclic strain (γc) is the “amplitude” of the unit angular
deformation in a cycle: (γmaxγmin)/2.Fig. 13. Undrained shear strength versus initial vertical consolidation pressure.The number of tests performed for each of the combinations
of static and cyclic shear stresses is as indicated in Fig. 11;
where (s′v0) refers to the vertical consolidation stress.
Since the samples tested were extracted by means of borings
drilled through the caissons of the Prat Quay, the caisson
weight was taken into account when estimating the effective
consolidation stress applied to the specimens.le 3
in results of monotonic simple shear tests.
t no. Sample s′v0 (kPa) γfailure (%) τfailure (kPa) s′v failure (kPa)
SA-1-M1 277 15.6 85.5 115
SA-1-M2 283 16.4 80.3 126
SA-1-M4 311 17.8 93.5 138
SA-1-M6 349 20.6 108.6 168
SA-1-M7 366 16.7 111.7 142
SA-1-M8 389 19.6 130.7 179
SA-1-M10 413 14.1 142.7 187
SA-2-M1 294 13.6 98.2 146
SA-2-M2 315 14.8 99.8 110
SA-2-M3 328 13.6 116.9 139
S-A-2-M5 347 15.5 102.1 156
SA-2-M6 364 11.4 110.2 169
SA-2-M7 373 20.0 101.1 180
SA-2-M8 384 21.9 147.6 189
SA-1-M9 401 17.9 145.0 153
. 12. Variation of the shear stress (τ) and of the porewater pressure (u), as a
ction of the monotonic shear strain (γm).The sinusoidal shear wave had an amplitude equal to the
cyclic stress (7τc) and a period of 10 s, in line with dominant
sea waves periods in that area.Fig. 14. Stress paths under monotonic loading.
Fig. 15. Example of results for unbiased cyclic loading. Test number 51.
H. Patiño et al. / Soils and Foundations 53 (2013) 910–922 917During the monotonic stage the deformation rate was
controlled to be 0.015 mm per minute, i.e., 4.7% per hour.5. Monotonic tests
Fig. 12 shows an example of the typical behaviour of tested
samples. The shear stress reaches a peak at very large shear
strains that varies from 12 to 22%.Table 4
Main results of unbiased cyclic simple shear test (τ0¼0).
Test
no.
Sample
ident.
s′v0
(kPa)
τc/s′v0
(%)
τmax¼τc
(kPa)
End of test s′v
(kPa)
N
16 SA-1-M1 277 10 28 123 41300
17 SA-1-M1 343 15 51 38 227
18 SA-1M1 349 52 43 1018
19 SA-1-M2 389 58 42 169
20 SA-1-M2 315 47 42 166
21 SA-1-M2 328 49 27 674
22 SA-1-M4 401 60 45 464
23 SA-1-M4 294 44 110 41300
24 SA-1-M4 347 52 43 197
25 SA-1-M6 413 62 68 500
26 SA-1-M6 373 56 49 384
27 SA-1-M6 366 55 134 41300
28 SA-1-M7 384 58 53 678
29 SA-1-M7 364 55 40 41300
30 SA-1-M7 311 47 31 339
31 SA-1-M8 277 42 31 258
32 SA-1-M10 283 43 82 41300
33 SA-1-M10 277 20 55 49 21
34 SA-1-M10 347 69 79 24
35 SA-2-M1 311 62 60 26
36 SA-2-M1 366 73 71 79
37 SA-2-M1 401 80 60 34
38 SA-2-M2 315 63 54 20
39 SA-2-M2 384 77 79 83
40 SA-2-M2 364 73 58 43
41 SA-2-M3 349 70 85 146
42 SA-2-M3 294 59 30 42
43 SA-2-M3 413 83 91 72
44 SA-2-M4 373 75 91 30
45 SA-2-M4 343 69 64 16
46 SA-2-M4 328 66 70 27
47 SA-2-M5 283 57 61 23
48 SA-2-M5 349 25 87 98 14
49 SA-2-M5 373 93 129 18
50 SA-2-M6 401 100 112 13
51 SA-2-M6 413 103 117 15
52 SA-2-M6 328 82 96 6
53 SA-2-M7 364 91 86 28
54 SA-2-M7 384 96 107 18
55 SA-2-M7 347 87 98 9
56 SA-2M8 343 86 96 8
57 SA-2-M8 315 79 96 5
58 SA-2-M8 311 78 79 7
59 SA-2-M9 283 71 101 4
60 SA-2-M9 366 92 84 12
61 SA-2-M9 294 74 70 12For the purpose of this paper, the undrained shear strength is
deﬁned as
su ¼ τfailure ¼ τma ́x
The main results of monotonic simple shear tests are
summarised in Table 3.
These data make it possible to obtain a correlation among
the effective vertical consolidation pressure and the undrained
shear strength; see Fig. 13.
Mainly due to the natural variability of the soil properties,
the ratio su/s′v0 ranges from a minimum value of 0.27 to a
maximum of 0.36; the average value being 0.32 and the
coefﬁcient of variation of this ratio being near 10%. That is
su
s′v0
¼ 0:32; ðstandard deviation¼ 0:03Þ
Stress paths for these tests are given in Fig. 14.
The porewater pressure generated at the failure stage was
positive in all cases. This indicates a contractile-type behaviour
that bears witness to the presence of a slightly consolidated or
normally consolidated deposit. The average value of the
porewater pressure at failure is somewhat proportional to the
initial value of the vertical consolidation pressure. From the
results of these tests it can be written
ufailure
s′v0
¼ 0:56 ðstandard deviation¼ 0:04Þ6. Unbiased cyclic loading (τ0¼0)
A series of unbiased cyclic simple shear tests have been run
within this investigation. For excitation levels of τc¼0.15s′v0,
τc¼0.20 s′v0 and τc¼0.25 s′v0 a good number of tests (16, 15
and 14 respectively) have been performed in order to obtain
some representative values of the statistical parameters for the
number of cycles to failure, N.
An example of the results of this type of test is given in Fig. 15.
Values of effective vertical consolidation stress, shear stress and
effective vertical stress at failure, as well as the number of cycles
needed to reach the failure condition, are given in Table 4.
The cyclic shear strength under undrained and unbiased
loading can be investigated on the basis of the results given in
Table 4. In fact, from these data, Fig. 16 shows the correlationFig. 16. Unbiased cyclic tests (τmáx¼τc).
H. Patiño et al. / Soils and Foundations 53 (2013) 910–922918that exists between the number of cycles to failure, N, and the
ratio of τmax¼τc divided by the vertical consolidation pressure.
For this particular investigation and for this type of test, failure is
deﬁned by the condition of the cyclic shear deformation reaching
15% (γc¼15%). For those specimens where this strain value was
not reached after 1300 cycles, the test was no longer continued.Fig. 17. Some examples of biased cyclic test resuFor the same testing conditions, i.e. same τcs′v0
 
, different
values of the number of cycles to failure were obtained, mainly
as a result of the heterogeneity of the soil under investigation.
In order to illustrate these results, some statistical values of
N have been obtained, namely, the minimum, maximum andlts. Sample SA-1-M10. Depth 51.50–52.50 m.
H. Patiño et al. / Soils and Foundations 53 (2013) 910–922 919“average” values. The following procedure has been followed
to obtain the “average” value.a) Considering the group of results for a given cyclic shear
stress ratio. Different results have been grouped for
τc/s′v0¼0.15, 0.20 and 0.25.b)
Table 5
Main results of biased shear test results (τ0¼0.05s′v0).
Test
no.
Sample
ident.
s′v0
(kPa)
τc/s′v0
(%)
τmax¼τ0þτc
(kPa)
End of test s′v
(kPa)
N
62 SA-2-M4 343 20 86 62 42For each one of these groups, obtaining the mean value of
ln Ni, where Ni is the number of cycles for test number i
from the set of “n” tests.
ln N ¼ ∑ ln Ni
n
i¼ 1 to number of tests63 SA-2-M5 347 86 70 28
64 SA-2-M9 401 100 86 16c)65 SA-2-M6 364 91 74 172
66 SA-2-M8 384 96 77 63
67 SA-2-M1 294 74 56 32
68 SA-1-M10 413 104 32 55Obtaining the number of cycles that corresponds to that
mean value
NðaverageÞ ¼ eln N69 SA-2-M7 373 94 86 167
70 SA-1M6 349 25 104 118 14
From the group of tests with lower shear stress ratio
τc
 
71 SA-2-M3 328 98 84 11
72 SA-2-M9 401 120 112 13
73 SA-2-M6 364 109 98 58
74 SA-2-M8 384 115 104 26
75 SA-2-M5 347 104 109 8
76 SA-1-M10 413 124 122 15
77 SA-2-M7 373 112 109 15
78 SA-2-M4 343 103 102 7
79 SA-2-M2 315 95 96 5
80 SA-1-M4 311 94 14 5
81 SA-2-M1 294 89 34 8
Table 6
Main results of biased shear tests (τ0¼0.10s′v0).
Test
no.
Sample
ident.
s′v0
(kPa)
τc/s′v0
(%)
τmax¼τ0þτc
(kPa)
End of
test
s′v (kPa)
N
82 SA-1-M1 277 10 56 140 41300
83 SA-2-M4 343 15 85 85 139s′v0
¼ 0:15 four of the test data indicate N41300. Different
criteria could have been adopted to solve an “undeﬁned”
number of cycles, that is, to establish the “non failure”
situation during the tests. The option chosen in this particular
case has been to assign Nfailure¼1300. This choice should lead
to an average N value somewhat lower than the real one.
Results of this analysis are given in Table 10. A graphical
summary of the results is shown in Fig. 16.
In the ordinate axis of Fig. 16, three points are marked that
correspond to the results of the maximum, average and
minimum undrained shear strength ratio previously obtained
from monotonic simple shear testing.
The correlation has some scatter due to the natural variability
of the soil tested, but most results seem to lay within a band
somewhat centred around the average line indicated in this ﬁgure.
The maximum shear stress for a given number of cycles
always decreases as the number of cycles increases. This is the
natural consequence of the continuous increase of porewater
pressures. The ﬁnal value of the vertical effective stress is always
lower than the initial value of the vertical consolidation stress.84 SA-2-M1 294 73 53 96
85 SA-1-M6 349 87 81 41300
86 SA-2-M7 373 93 73 251
87 SA-1-M10 413 103 92 87
88 SA-2-M6 364 91 116 120
89 SA-2-M8 384 96 67 367
90 SA-2-M5 347 87 55 686
91 SA-1-M1 277 70 60 18
92 SA-1-M4 311 20 93 77 11
93 SA-2-M9 401 120 109 10
94 SA-2-M1 294 88 61 39
95 SA-2-M6 364 109 126 12
96 SA-2-M8 384 115 93 42
97 SA-1-M10 413 124 110 28
98 SA-2-M7 373 112 96 31
99 SA-2-M4 343 103 121 5
100 SA-1-M7 366 110 71 11
101 SA-1-M6 349 105 101 31
102 SA-2-M2 315 95 108 6
103 SA-2-M3 328 99 82 207. Biased cyclic loading (τ0a0)
In order to investigate the effect of the application of a bias
shear stress τo, prior to starting the cyclic loading with an
amplitude 7τc, such that the maximum shear stress reaches
the value τmax¼τ0þτc, a good number of tests have been run
for different values of τ0 and τc. The bias shear stress τ0 was
applied ﬁrst under the condition of no drainage. Stress–strain
curves have been obtained for each one of the tests. Stress–
strain and porewater pressure results for some of the most
representative tests are included in Fig. 17.
Two different failure modes have been observed that corre-
spond to two different loading conditions. For large values of τ0,
that is, when small stress reversals (or none at all) take place
during the test, the mode of failure consists of a monotonic
increase of the plastic shear strain, whereas for small or nullvalues of τ0, when stress reversals are dominant, the mode of
failure consists of an increase of cyclic shear strain.
For this particular test a failure condition was established on
the following criteria.
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124Value of permanent shear strain, γp¼15%.
b) Value of cyclic shear strain, γc¼15%.The cycling process was been stopped when one of theseTable 9
Main results of biased shear tests (τ0¼0.25s′v0).
Test
no
Sample
ident.
s′v0
(kPa)
τc/s′v0
(%)
τmax¼τ0þτc
(kPa)
End of
test
s′v (kPa)
N
145 SA-1-M6 349 5 104 204 387
146 SA-2-M3 328 98 185 41300
147 SA-2-M6 364 109 229 41300
148 SA-2-M8 384 115 221 41300
149 SA-2-M5 347 104 199 41300
le 7
in results of biased shear tests (τ0¼0.15s′v0).
t Sample
ident.
s′v0
(kPa)
τc/s′v0
(%)
τmax¼τ0þτc
(kPa)
End of
test
s′v (kPa)
N
SA-2-M4 343 10 85 166 1200
SA-2-M1 294 73 133 41300
SA-1-M6 349 87 122 41300
SA-1-M10 413 103 144 41300
SA-2-M6 364 91 165 41300
SA-2-M8 384 96 163 41300
SA-2-M5 347 87 151 41300
SA-2-M7 373 94 152 41300
SA-1-M1 277 70 61 1000
SA-2-M4 343 15 102 107 60
SA-2-M6 349 104 91 41300
SA-2-M2 315 94 100 17
SA-2-M9 401 120 129 30
SA-2-M1 294 88 82 98
SA-2-M5 347 104 133 48
SA-1-M10 413 124 33 41300
SA-2-M7 373 112 108 99
SA-1-M7 366 110 91 25
SA-2-M8 384 116 124 86
SA-2-M6 364 110 120 78
SA-1-M4 311 94 52 41300conditions was reached, whatever happened ﬁrst.le 8
in results of biased shear tests. (τ0¼0.20s′v0).
t Sample
ident.
s′v0
(kPa)
τc/s′v0
(%)
τmax¼τ0þτc
(kPa)
End of
test
s′v (kPa)
N
SA-2-M5 347 5 86 201 41300
SA-1-M1 277 69 154 41300
SA-2-M3 328 82 206 41300
SA-2-M6 364 91 227 41300
SA-2-M8 384 96 231 41300
SA-2-M4 343 86 221 41300
SA-1-M10 413 104 238 41300
SA-2-M7 373 94 211 41300
SA-2-M5 347 10 103 155 96
SA-1-M4 311 93 95 236
SA-2-M9 401 120 148 24
SA-2-M6 364 109 177 41300
SA-2-M8 384 115 153 41300
SA-1-M10 413 124 175 41300
SA-2-M7 373 112 172 98
SA-2-M4 343 103 151 41300
SA-1-M2 283 85 87 119
SA-1-M6 349 105 139 41300
SA-2-M2 315 95 109 99
SA-2-M3 328 99 123 41300When the number of cycles reached N¼1300, the test has
been no longer continued.
The values of the main variables of these tests are given in
Tables 5–9, one table for each value of the dimensionless bias
shear stress, τ0/s′v0.
For each group of tests run under the same conditions, that
is to say, same values of τ0s′v0
and τcs′v0
, the resulting number of
cycles to failure shows some scatter due to the nature of the
soil tested. Typical values of N have been obtained that are the
minimum, maximum and average value of N. This average has
been calculated as explained before for the τ0=0 condition.
Results of these values of N are given in Table 10.
In order to analyse the value of the cyclic shear stress
causing failure for a given number of cycles, Fig. 18 has been
prepared with the average values of N obtained for each load
combination. In the vertical axis of this plot a reference value
of τmaxs′v0
¼0.32 is marked, which is the average result of
monotonic shear tests.
From this ﬁgure it can be concluded that the application of a
bias stress, τ0, generally decreases the value of the cyclic
stress, τc, needed to reach failure. The group of tests run for the150 SA-1-M10 413 124 244 41300
151 SA-2-M7 373 112 199 41300
152 SA-2-M4 343 103 195 41300
153 SA-1-M4 311 94 161 1117
Table 10
Values of the number of cycles to failure.
τ0/s′v0 τc/s′v0 (%) N No. tests
Min. Ave. Max.
0 10 41.300 NA NA 1
15 166 533 41.300 16
20 16 37 146 15
25 4 11 28 14
5% 20 16 53 172 812
25 5 12 58
10% 10 41.300 NA NA 1
15 18 180 41.300 9
20 5 16 42 12
15% 10 1.000 1.250 41.300 9
15 17 113 41.300 12
20% 5 41.300 NA NA 8
10 24 346 41.300 12
25% 5 387 41117 41300 9
Note: NA = Not acppliable.
H. Patiño et al. / Soils and Foundations 53 (2013) 910–922 921biased stress τ0¼0.05s′v0 seems to give a somewhat higher
value of the cyclic stress, τc, but this could be attributed to the
heterogeneity of the soil under investigation. But the decrease
of τc for higher values of τ0 is quite obvious.
On the other hand, it has been considered of interest to
compare the results of biased and unbiased tests in terms of the
value of the maximum shear stress (τmáx¼τ0þτc) and
the results, of this comparison are given in Fig. 19. It is quite
evident, from these results that the needed value of τmáx to
cause failure for a given number of cycles increases as the
value of τ0 increases.8. Conclusions
For the soil investigated (subsoil at the port of Barcelona)
and for the conditions under which the tests were performed toFig. 19. Average number of cycles to failure versus maximum shear stress.
Fig. 18. Average number of cycles to failure versus cyclic shear stress ratio.obtain undrained cyclic shear strength, the following conclu-
sions can be advanced:a) The undrained shear strength obtained by monotonic simple
shear testing could be estimated by means of the equation:
su ¼ 0:32s′v0
The above ratio has a coefﬁcient of variation of about
10%. It seems that a natural variation of ground properties
is the main cause for such a large variability on this factor.b) For unbiased cyclic simple shear tests, the cyclic shear
stress ratio, τc/s′v0, needed to reach failure decreases as the
number of cycles increases.c) For most values of the bias shear stress τ0 and for any given
number of cycles (N41), the cyclic shear stress ratio,
τc/s′v0, needed to reach failure is lower than the one
corresponding to the τ0¼0 condition (unbiased shear
stress).d) For all values of the bias stress, τ0, the value of
τmáx¼τ0þτc needed to cause failure for a given number
of cycles (N41) always increases as τ0 increases.
Other results of this investigation in terms of shear
deformations, of porewater pressure build-up and of effective
strength parameters are under analysis and, hopefully, will be
presented soon in a future paper.Acknowledgements
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